Robert M on t roc her, M a r i e-C h r ist i ne Verner, JerBme B r io I ay,2 Christian Gautier2 and Roland Marrneissel The phylogenetic relationships between species of yeasts assigned to the Saccharomyces sensu stricto group, which includes Saccharomyces cerevisiae and Saccharomyces bayanus, were studied together with Saccharomyces pastorianus and Saccharomyces paradoxus. The ex per i mental approaches used were RFLP analysis of the PCR-amplified rDNA internal transcribed spacer (ITS) and intergenic spacer, and total ITS sequence analysis. Both RFLP and sequence analyses gave fairly similar results. The gene trees generated with either of the two data sets showed the distribution of the yeasts into two major, wellseparated, phylogenetic clusters called ' cerevisiae ' and 'bayanus '. The 'cerevisiae' cluster included the 5. cerewisiae type strain, together with most of the species (16 out of 23), whereas the 'bayanus' cluster included the remaining seven type strains. Therefore, analysis of rDNA sequences confirmed 5. cerewisiae and 5. bayanus as two well-defined taxa. However, 5. pastorianus and S. paradoxus, the two other usually accepted taxa of the nowdefined Saccharomyces sensu stricto complex, could not be clearly separated from 5. bayanus and 5. cerevisiae, respectively. However, in both PCR-RFLP and ITS sequence analyses, S. paradoxus had the outermost position in the cerevisiae cluster. PCR-RFLP analysis of the ribosomal spacer sequences was also carried out on 26 Saccharomyces strains isolated in various wine-growing regions of France in an attempt to clarify their positions in the Saccharomyces phylogenetic tree. Compared to the diversity of the Saccharomyces type strains, less genetic diversity was detected among these yeasts and several of them exhibited identical RFLP patterns. Most of the wine yeast strains (16 out of 26) were closely related to each other and were found within the 'cerevisiae' cluster. The remaining 10 wine yeast strains branched within the bayanus cluster. PCR-RFLP analysis of ribosomal spacer sequences thus appears to be a useful and appropriate method for the correct characterization of Saccharomyces yeast strains used in food processing.
INTRODUCTION
Conventional methods used for the identification of yeast species rely extensively on the study of physiological characteristics such as the ability of isolates to assimilate and/or ferment different carbon sources. As Abbreviations: RAPD, randomly amplified polymorphic DNA; mtDNA, mitochondria1 DNA; nDNA, nuclear DNA; ITS, internal transcribed spacer; IGS, intergenic spacer; d, molecular distance value.
expected, closely related species may differ from each other by a very limited number of such characteristics which, for some of them, may be controlled by single mutable genes. This is the case within the genus Saccharomyces Me yen ex Reess and more particularly for species closely related to Saccharomyces cerevisiae, which have been classically identified on their varying abilities to use less than 10 different carbon sources (1) . The extreme proximity between species within this group has led, in the past, to many different changes in R. Montrocher and others (37) , S . cerevisiae sensu Yarrow has now been split into three species : S. cerevisiae, Saccharomyces bayanus and Saccharomyces pastorianus which constitute, together with Saccharomyces paradoxus (39, the Saccharomyces sensu stricto complex. Furthermore, studies of the genes whose enzyme products allow the cells to utilize some of the carbon sources classically used for species identification show that the number and location of these genes in the genome can vary between strains of the same species. This is, for example, the case of the MEL genes (controlling melibiose fermentation) which can either be absent or present in one or multiple copies in the genomes of S. cerevisiae strains (20). This situation, which is also found for other yeast genes whose products protect the cells against toxic compounds (22) , may reflect the adaptation of strains to local environmental conditions but not their taxonomic status.
The criterion originally used to separate the four above-mentioned species (S. cerevisiae, S. bayanus, S. pastorianus and S. paradoxus) was DNA relatedness, as measured in whole-cell DNA/DNA reassociation experiments (35, 36, 37) . This classification was further substantiated by many other studies on electrophoretic karyotypes (2, 8, 18, 38) , mitochondria1 DNA (mtDNA) restriction endonuclease profiles (9, rDNA restriction analysis (1 2), analysis of randomly amplified polymorphic DNAs (RAPDs) (1 3) , and by studies which showed that interspecific hybrids between these species, although viable, gave abortive ascospores (14) . Most of these studies were intended to identify the four different species and to classify different wild or industrial strains of Saccharomyces. Few of these studies (mtDNA and RAPD) allow a clear understanding of the phylogenetic relationships between these four different species. In this article, RFLP analysis and sequencing of nuclear rDNA spacers were carried out on the 21 original Saccharomyces species pooled by Yarrow (40) in one taxon. These data were used to infer phylogenetic trees. RFLP analysis was also carried out on 26 wine yeast strains to clarify their positions in the Saccharomyces phylogenetic tree, In S. cerevisiae, as in most fungal species, the four different rDNA genes (5S, 58S, 18s and 26s) are grouped in repeats which are arranged head-to-tail to form a single cluster on chromosome XII. The 18s and 26s genes are separated from each other by the internal transcribed spacers (ITS) and intergenic spacers (IGS), which are non-coding sequences except for the short 5.8s and 5s genes, respectively. Both these spacer sequences can easily be amplified by PCR using oligonucleotide primers homologous to sequences present at the ends of the rDNA genes (39) . A model of the secondary folding structure of the ITS sequence from S. cerevisiae has been obtained ; this sequence has been divided into several structural domains, each Phylogenetic analysis of the Saccharomyces cerevisiae group characterized by one or two loops (27) . Interestingly, the sequences of ITS regions from related yeast species could be only partially aligned to the ITS sequence of S. cerevisiae (34) , thus making this sequence a good candidate for the study of the molecular phylogeny of closely related yeast species.
METHODS
Yeast strains. The characteristics of the 49 strains studied are given in Tables 1 and 2 . Twenty-three of them are the type strains of the species recognized by van der Walt (Table 1) . Twenty-six are wine yeast strains collected in different regions of France (provided by C. Cuinier, ITV, Tours, France) ( Table 2) . PCR-RFLP analysis. DNA was extracted from 5 ml yeast liquid cultures according to the method of Phillipsen et al. (25) . Amplifications of the target sequences were carried out in a 50 pl volume containing 1-10 ng genomic DNA, 100 nM of each primer, 200 pM of each of the four dNTPs, 1 U Taq DNA polymerase and the appropriate buffer supplied by the manufacturer (Appligene). The primers used to amplify the ITS sequences were 3 126T (5'-ATATGCTTAAGTTCAG-CGGGT-3'), which hybridized to the 5' end of the 26s gene, and 2234C (5'-GTTTCCGTAGGTGAACCTGC-3'), which hybridized to the 3' end of the 18s gene (31) . The primers used to amplify the IGS sequences were 126 (5'-ACCAC-CTAGGACGGTCATCA-3'), which hybridized to the 3' end of the 26s gene, and 127 (5'-GTAGAGTAGCCTTG-TTGTTACGATC-3'), which hybridized to the 5' end of the 18s gene (4). For the ITS, after an initial denaturation at 95 "C for 2 min, the sequence was amplified by 35 cycles of 1 rnin at 95 OC, 1 rnin at 50 "C, and 1 rnin at 72 "C; this was followed by a final extension of 2 rnin at 72 "C. For the IGS, after an initial denaturation at 95 "C for 3 min, the sequence was amplified by 37 cycles of 2 min at 95 "C, 1 min at 55 "C, and 3 min at 72 "C; this was followed by a final extension of 7 rnin at 72 "C. where n,, is the number of co-migrating bands and n, and n, are the number of bands of strain x and strain y, respectively]. Molecular distances (d) were then estimated using the mathematical model of Nei & Li (21) . Cluster analysis of these d values was performed using the neighbour-joining method (29) . The calculations were performed using a hypercard compilation running on a Macintosh computer (Marc Neyra ; ORSTOM, Dakar; Ecologie Microbienne CNRS, Lyon, France; unpublished). Sequencing and data analysis. The ITS sequences were amplified by using the PCR conditions described above. The amplified products were purified and concentrated on Centricon columns (Amicon). The purified double-stranded PCR products were directly used for sequencing using the T7 sequencing kit from Pharmacia LKB based on the dideoxy chain-termination method (30) according to J. Briolay and others (unpublished). To sequence both strands, seven primers were used : 2234C and 3 126T as described above ; and AM2541 (5'-GCATCGATGAAGAACGCAGC-3'),
TCCTTCTCAAACATTCTG-3') and AM3393 (5'-CCTT-ACGGGTTTCTTTTTCAA-3'), which were deduced from the published sequence of the S. cerevisiae HA6 strain (GenBank accession no. U09327).
Sequences were aligned using CLUSTAL w (32) and manually refined using SEAVIEW (3) . All regions corresponding to a gap in one sequence were excluded from the analyses. Matrix pairwise comparisons were corrected for multiple base substitutions by the two-parameter model of Kimura (10) and a phylogenetic tree was generated by the neighbourjoining method using PHYLO-WIN (3). Bootstrap analysis (1000 replications) was performed to assess the strength of the internal branches of the tree.
RESULTS

PCR-RFLP analysis of the rDNA spacers
The ITS and IGS sequences were amplified from the genomic DNA of all 49 studied yeast strains. In all cases, a single DNA fragment was amplified and, for each of these two DNA regions, no significant size variation could be detected between strains after agarose gel electrophoresis. The amplified ITS and IGS were approximately 780 bp and 3.2 kb long, respectively. For the ITS, four of the 10 enzymes used (AluI, BstUI, DdeI and HpaII) did not reveal any polymorphism between strains. Each of the six other enzymes gave variable numbers of restriction profiles, from four for NdeII and CfoI to six for Hinff. After the restriction profiles produced by the different enzymes had been combined, 18 different ITS-RFLP types were distinguished. Several of the ITS of different strains were identical in this analysis. This was observed with ITS type XV, which was common to six different type strains (Table 1) and 12 wine yeast strains (Table 2) . Interestingly, only five different ITS profiles characterized the 26 wine strains ( 
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S. coreanus CBS 5635
S. gaditensis CBS 6006
S. capensis CBS 2247
S. aceti CBS 4054
I "3L read. If we exclude this latter strain, a total of 747 nucleotides including the 5-8s gene, representing the full-length sequences, could be aligned without any ambiguities. Only 8 bp were not read in the different sequences (Fig. 2) . Several sequences had 1-5 bp insertions at various positions ; three sequences (those of S. aceti, S. gaditensis and Saccharomyces prostoserdovi) shared an identical 24 bp deletion between nucleotides 13 1 and 154 in ITS 1. Most of the variable nucleotide positions were within ITSl (39 out of a total of about 369 nucleotides) while ITS2 was less variable (10 variable positions out of about 220 nucleotides). The 5.8s gene was the most conserved part of the sequence with six variable positions out of 157 nucleotides (Fig. 2) . Within ITSl, the variable positions were not evenly distributed; most were found in domains I1
and I11 (12.6 and 13.7 YO, respectively, of variable positions) while domains IV and V were more conserved (2.1 and 5.5 %, respectively, of variable positions). The sequence alignment was used to construct an inferred phylogenetic tree by the neighbour-joining method (Fig. 3) . For the calculation, 26 variable positions were considered. Inclusion or exclusion of the partial sequence of S. gaditensis in the calculation did not significantly change the topology of the tree and the bootstrap values of the nodes (results not shown). This comparative sequence analysis clearly showed the distribution of Saccharomyces type strains ITS sequences into two major clusters which were called ' bayanus' and ' cerevisiae'. Within the ' bayanus' cluster, which included the ITS of seven type strains among which were those of S. bayanus and S. pastorianus, the different sequences were highly homologous with a dmax between two sequences of 0.01 17 (S. carlsbergensislS. heterogenicus). The ' cerevisiae ' cluster included the other 16 type strain sequences among which were those of S. cerevisiae HA6 and S. paradoxus. The d, , , within this group was 0.0137 (S. paradoxuslSaccharomyces capensis). The ' bayanus' and ' cerevisiae' clusters were clearly separated; the dmin between sequences in these two groups was 0.0 196 ( S . heterogenicuslSaccharomyces logos, Saccharomyces norbensis, Saccharomyces italicus). Furthermore, the two nodes between these two groups were separated by a high bootstrap value of 100% (Fig. 3) . Although the S. paradoxus ITS sequence branched outside the ' cerevisiae ' cluster, this node was not supported by a significant bootstrap value and therefore the sequence was not excluded from the ' cerevisiae' cluster.
DISCUSSION
Several studies on yeast strains belonging to Saccharomyces cerevisiae sensu Yarrow, especially those relative to nuclear DNA (nDNA)/nDNA reassociations (35, 37) (36) . In RAPD analysis based on the use of three different 10 bp oligonucleotides, these strains appeared rigorously identical (I 3) whereas a certain amount of sequence polymorphism exists between their rDNA spacers.
The phylogenetic position of the S. paradoxus type strain relative to the other yeasts in the 'cerevisiae' cluster cannot clearly be established from our results. This species belongs to the cluster when considering only the ITS sequences, whereas it branches outside the cluster in the RFLP analysis, which takes into account polymorphisms in both the ITS and IGS spacers. This taxonomic proximity to the ' cerevisiae ' cluster is consistent with the nDNA/nDNA reassociation values reported between the two species (in the range 40-50 %), which are significantly higher than those reported with S. bayanus and S. pastorianus (34 and 23%, respectively) (35, 36, 37) . The close phylogenetic relatedness between S. paradoxus and S. cerevisiae was also pointed out in two RFLP studies, one relative to the mitochondrial genome (5) and the other to the small-and large-subunit rRNA genes (1 1). Despite the similarities between these two species, interspecific crosses between monosporic isolates always gave hybrids producing non-viable ascospores (15, 17, 19) . The 'bayanus' cluster includes the sequences of the seven remaining type strains. This group appears highly homogeneous as judged from the low d values between the sequences. The only exceptions were S. uvarum and S. heterogenicus, which branched somewhat outside the cluster in only the PCR-RFLP study for the former and in only the ITS sequence analysis for the latter. Yeasts within the 'bayanus' cluster are those whose nDNA showed a high percentage (above 72 %) of reassociation to the nDNA of the S . bayanus type strain (35, 36) . Nevertheless, the ' bayanus' cluster as defined in our study includes two of the recognized species of the S. cerevisiae complex, namely S. bayanus and S. pastorianus (35, 37) . S. pastorianus is assumed to be a rare natural hybrid between S. cerevisiae and S . bayanus as its nDNA reassociates at a significant level to the DNAs of both these species (53 and 72%, respectively) (35) . It appears that the rDNA types of S. pastorianus and of its synonym S. carlsbergensis are both extremely similar to that of S. bayanus, thus confirming, as already suggested (9, 24) , that it has inherited of the rDNA locus of only one of its two possible parents: S. bayanus. A similar situation was also reported in the case of the mitochondrial genome for which only that of S. bayanus was shown to be present in S. pastorianus cells (5, 23).
A closer relatedness of S. pastorianus to S. bayanus than to S. cerevisiae or S. paradoxus was also deduced from analysis of RAPD patterns (13) . S. bayanus and S. pastorianus also share at least two common physiological characteristics, i.e. an active fructose transport system and a maximum temperature for growth in the range 28-35 "C (28). Conversely, an active fructose transport system is absent in both S. cerevisiae and S. paradoxus, both of which have a higher maximum temperature for growth (in the range 3 5 4 3 "C). These data, together with our results, strongly suggest that if S. pastorianus is a natural hybrid between S. cerevisiae and S. bayanus it is a partial one which has inherited far more genetic material from the latter parent than from the former one. The presence of S. cerevisiaespecific DNA sequences in the genome of S. pastorianus has been established in the case of some metabolic genes such as MET2 (6, reviewed by 9).
The study of rDNA spacers has led to the discrimination of two well-separated clusters within which some polymorphism does exist between the yeast strains. However well-separated the ' cerevisiae' and 'bayanus' clusters may be, they consist of very closely related yeasts when the whole genus Saccharomyces is considered (7, 11, 12, 13) . Thus, a phylogenetic tree based on the 18s gene sequences of species belonging to Saccharomyces and related genera showed that the genus Saccharomyces is very heterogeneous, whereas the species of the Saccharomyces sensu stricto complex form a natural group quite separated from other Saccharornyces and non-Saccharomyces species examined (7). Another example is given by the ori-rep-tra mitochondrial sequence, cloned from S. cerevisiae, which, when used as a probe, hybridizes to the DNA of S. cerevisiae as well as to S. 10 variable positions among the 220 nucleotides. To align the same sequence of S . kluyveri to that of S . cerevisiae or S . bayanus, it is necessary to create in the former two large gaps of about 20 bases each and only about 65 % of the remaining positions can be aligned.
We extended the PCR-RFLP study to a collection of 26 wine yeast strains assigned to the S. cerevisiae sensu stricto group on the basis of traditional phenotypic characters. The rDNA spacer sequences of these strains were distributed in either of the two clusters ' cerevisiae' or ' bayanus'. For most of the strains, this classification was in disagreement with the original identification ( Table 2) , thus confirming the unsuitability of the classical taxonomic criteria within the S . cerevisiae sensu stricto group. However, these results are in perfect agreement with those reported by Naumov et al.
( 1 6), who performed genetic crosses and electrophoretic karyotypes on six of the strains we studied (nos 1,3,5,7,8 and 10). Unexpectedly, a lower level of RFLP was detected in the rDNA spacers of the wine yeast strains, included in either of the two clusters, compared to the polymorphism revealed between the corresponding sequences of the type strains (Fig. 1) . A possible explanation could be that a limited number of lineages have adapted to the grape must or, alternatively, that the wine yeasts studied have been isolated over a short period of time in a limited number of sites all located in France as opposed to the varied origins of the type strains.
In conclusion, the analysis of polymorphisms within the rDNA spacers demonstrates that the species of the Saccharomyces sensu stricto group are clearly distributed in two well-separated clusters which have recently diverged from one another as judged by the high similarities between their ITS sequences. This result also clearly shows that the study of rDNA spacer polymorphisms is a valuable tool to infer the phylogenetic position of very closely related yeasts.
